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Abstract.

We investigate the use of multiple simultaneous solar wind plasma compositional anom-
alies, relative to the composition of the ambient solar wind, for identifying interplane-
tary coronal mass ejection (ICME) plasma. We first summarize the characteristics of sev-
eral solar wind plasma composition signatures (O*7/O+¢, Mg/O, Ne/O, Fe charge states,
He/p) observed by the ACE and WIND spacecraft within the ICMEs during 1996 — 2002
identified by Cane and Richardson [2003], hereafter CR03. We then develop a set of sim-
ple criteria that may be used to identify such compositional anomalies, and hence po-
tential ICMEs. To distinguish these anomalies from the normal variations seen in am-
bient solar wind composition, which depend on the wind speed, we compare observed
compositional signatures with those “expected” in ambient solar wind with the same so--
lar wind speed. This method identifies anomalies more effectively than the use of fixed
thresholds. The occurrence rates of individual composition anomalies within ICMEs range
from ~ 70% for enhanced iron and oxygen charge states to ~ 30% for enhanced He/p
(> 0.06) and Ne/O, and are generally higher in magnetic clouds than other ICMEs. In-
tervals of multiple anomalies are usually associated with ICMEs, and provide a basis for
the identification of the majority of ICMEs. We estimate that CR03, who did not re-
fer to composition data, probably identified ~ 90% of the ICMEs present. However, around
10% of their ICMEs have weak compositional anomalies, suggesting that the presence
of such signatures does not provide a necessary requirement for an ICME. We note a
remarkably similar correlation between the Mg/O and O7/O® ratios in hourly-averaged
data both within JCMEs and the ambient solar wind. This “universal” relationship sug-
gests that a similar process (such as minor ion heating by waves inside coronal magnetic
field loops) produces the first-ionization potential bias and ion freezing-in temperatures

in the source regions of both ICMEs and the ambient solar wind.

1. Introduction

Interplanetary coronal mass ejections {(ICMEs), the inter-
planétary counterparts of coronal mass ejections (CMEs) at
the Sun, are characterized by several signatures, as reviewed
for example by Gosling [1990], Neugebauer and Goldstein
[1997)], and Zurbuchen and Richardson [2004]. Solar wind
plasma signatures of ICMEs include abnormally low proton
temperatures [Gosling et al., 1973; Richardson and Cane,
1995], low electron temperatures [Montgomery et al., 1974],
and bidirectional suprathermal electron strahls (BDEs) [e.g.,
Zwickl et al., 1983; Gosling et al., 1987].

Plasma compositional anomalies have also been identi-
fied in ICMEs [Bame, 1983; Galvin, 1997; Zurbuchen et al.,
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2003]. These include enhanced helium abundances relative
to protons [Hirshbery et al., 1972; Borrini et al., 1982] and
occasional enhancements in minor ions, in particular iron
[Bame et al., 1979; Mitchell et al., 1983; Ipavich et al., 1986;
Neukomm, 1998; Wurz et al., 2001]. Enhanced Fe charge
states have also been reported [Bame et al, 1979; Feni-
more, 1980; Ipavich et al. 1986; Lepri et al., 2001; Reinard
et al., 2001; Lepri and Zurbuchen, 2004]. On the other hand,
a small subset of ICMEs include intervals of unusually ion.
low charge states, such as He" [Zwickl et al., 1982; Cane et
al., 1986; Burlaga et al., 1998; Gloeckler et al., 1999; Ho et
al., 2000]. .

Solar wind compositional measurements are of interest
because, as reviewed by Bochsler [2000], they reflect condi-
tions prevailing near the Sun during the acceleration of the
solar wind and the formation of ICMEs. In particular, ion
charge states tend to “freeze-in” near the Sun since ioniza-
tion and recombination time-scales become larger than the
solar wind jon expansion time as the coronal electron den-
sity decreases with increasing distance from the Sun. The
ratio of different ionization states then provides information
on the coronal electron temperature at the freezing-in al-
titude [e.g., Hundhausen et al., 1968; Owock: et al., 1983].
Solar wind ion compositions generally follow photospheric
abundances but show a factor of ~ 2 to ~ 4 enrichment (for
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fast or slow solar wind, respectively) relative to photospheric
abundances in elements with first ionization potential (FIP)
below the Lyman-a limit (10.2 ¢V). This “FIP-effect” sug-
gests that ions and atoms in chromospheric material are
separated before this material is accelerated in the corona,
though the details of this process are still under investigation
[von Steiger, 1998; Bochsler, 2000, and references therein].
The FIP effect has also been observed within ICMEs [Galvin,
1997; Neukomm, 1998].

Recently, Cane and Richardson [2003], hereafter CRO3,
made a comprehensive survey of ICMEs in the near-Earth
solar wind during 1996 — 2002, encompassing the increasing
and maximum phases of solar cycle 23. Some 214 ICMEs
were identified, principally on the basis of solar wind plasma
proton signatures {e.g., presence of abnormally low proton
temperatures, association with interplanetary shocks) and
magnetic field observations. See CR03 for further discussion
of the identification of these events. Solar wind composition
data, however, were not referred to.

In this paper, we first summarize composition mea-
surements made within the CR03 ICMEs, focusing on
~hourly-averaged data from instruments on the Ad-
vanced Compositional Explorer (ACE) and WIND space-
craft. In particular, we compare plasma compositions,
and their variability, in the subsets of the CR03 ICMEs
with or without “magnetic cloud” signatures. Mag-
netic clouds have simple flux-rope like magnetic fields
characterized by enhanced magnetic fields that rotate
slowly through a large angle. Such events [Burlaga et
al.,, 1981; Klein and Burlaga, 1982] have been identi-
fied for example by the WIND magnetometer team (see
http://lepmfi.gsfc.nasa.gov/mfi/mag_cloud_publ.html).

We then compare the ICME compositions with those in
the “ambient” solar wind outside ICMEs. Ambient solar
wind compositional signatures are generally ordered by the
solar wind speed (for example, 07/O% and Mg/O are anti-
correlated with Vi [e.g., Geiss et al., 1995]). We find that
these dependences are essentially independent of the phase
of the solar cycle, at least during the period considered in
this paper (the He/p ratio is a notable exception). This
enables us to summarize ambient solar wind compositions
in terms of “expected” or average values which are ~ time-
independent functions of the solar wind speed. ICMEs typ-
ically have plasma compositional signatures that exceed ex-
pected values in ambient solar wind with the same solar
wind speed. ‘

‘We then assess whether departures of ~hourly-averaged
plasma composition measurements relative to such expected
values provide a practical means of routinely identifying
ICMEs. Recently, Lepri et al., [2001] and Lepri and Zur-
buchen [2004] have demonstrated that intervals of enhanced
iron charge states are closely associated with ICMEs. How-
ever, here we consider additional; multiple compositional
signatures in concert. We also examine whether composi-
tional signatures indicate the presence of additional ICMEs
that were not identified by CRO03 or, conversely, whether
there are CRO3 events with unusually weak compositional
signatures. )

In the next section we describe the observations used in
this investigation. In Section 3, variations in the composi-
tional signatures in magnetic clouds, non-cloud ICMEs, and
the ambient solar wind as a function of solar wind speed are
summarized, while Section 4 discusses the use of composi-
tional anomalies in ICME identification. Section 5 exam-
ines the average spatial relationship between compositional
anomalies and the CR03 ICMEs. Section 6 notes the simi-
lar relationship between variations in the O7 /O® and Mg/O

ratios in the ambient solar wind and within ICMEs which
may have important implications for understanding the ori-
gin of the compositional signatures of ICMEs. The results
are summarized in Section 7.

2. Instrumentation

The plasma composition observations used in this pa-
per are principally from the Solar Wind Ion Composi-
tion Spectrometer (SWICS) [Gloeckler et al., 1998] on
the ACE spacecraft, launched in August 1997. “Level
2” SWICS data, obtained from the ACE Science Center
(http://www.srl.caltech.edu/ACE/ASC/), include 1-hour
averages of the OT7/O%8 24Mg*t10/0%6 C+5/C+6 and
' Net8 /0" ratios at the time of writing. These data are
examined up to December 2002, the end of the period dis-
cussed by CRO03.

We also use a summary of iron charge states measured
by SWICS and averaged over two-hour intervals, an update
of the data set used by Lepri et al. [2001]. The parameters
provided are the mean Fe charge state < Qr. > and the
fraction of Fe ions that have charge states > 16. The data
considered here extend to the end of 2001.

Richardson et al. [2003a] reported that on occasion, en-
hanced values of the SWICS Level 2 C®/C® ratio (imply-
ing low carbon freezing-in temperatures) are found inside
ICMEs even though other elements such as oxygen and
iron simultaneously exhibit enhanced freezing-in tempera-
tures. This apparently anomalous behavior of the carbon
charge states now appears to be an instrumental effect re-
quiring further investigation (T. Zurbuchen, private commu-
nication, 2004). Thus, we will not discuss the C®/C® ratio
further in this paper.

To help place the composition observations in con-
text, we use observations from the ACE magnetometer
and. Solar Wind Electron, Proton, and Alpha Monitor
(SWEPAM), as well as from the National Space Science
Data Center (NSSDC) “OMNI2” solar wind data-base
(http://nssdc.gsfc.nasa.gov/omniweb/). This incorporates
inter-calibrated plasma and magnetic field data from ACE
and other near-Earth spacecraft with a time resolution of
1 hour. The time offset between the ACE and OMNI2 data,
corresponding to the solar wind travel time from ACE to the
Earth, is typically less than the 1-hour resolution of both the
observations considered here and the ICME times given by
CRO03, and can be neglected for the purposes of this study.

We also use data from the MIT WIND instrument
(courtesy of J. Richardson) to provide information on the
He/proton ratio prior to the start of ACE observations.

Note that in the results presented in this paper, we have
made several minor updates to the CR03 list. First, two ad-
ditional ICMEs in late 2002 (December 17, 1800 — December
19, 1200, and December 21, 0300 — December 22, 1900) have
been added, while a questionable event on November 10 —
11, 2000 has been removed after review of additional solar
wind data. A few minor corrections have also been made to
the parameters in the published CRO3 list.

3. Abundance variations with solar wind
speed

As has been demonstrated previously, compositional vari-
ations in the ambient solar wind are generally ordered by
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solar wind speed [e.g., Geiss et al., 1995]. Thus it is in-
teresting to compare solar wind abundance variations both
in the ambient solar wind and ICMEs as a function of the
concurrent solar wind speed. For example, Figure 1 shows
hourly-averaged values of the SWICS O"/O® ratio during
1998 — 2002 plotted vs. solar wind speed in “ambient” solar
wind (Figure 1(a)), the CR0O3 non-magnetic cloud ICMEs
(Figure 1(b)), and magnetic clouds (Figure 1(c)) (cf. the
similar results of Reisenfeld et al. [2003] for ICME and am-
bient solar wind regions identified by the Genesis spacecraft
on-board solar wind regime algorithm).

The ambient solar wind (81% of the SWICs data points)
shows the well-known anti-correlation between the O7/0°
ratio and solar wind speed, corresponding to lower freezing-

. in temperatures in faster solar wind [e.g., Geiss et al., 1995;

Gloeckler et al., 2003]. (The “quantization” at low O7/0°
ratios results from the two decimal place accuracy of the
Level 2 data.) Since ICME boundaries are sometimes diffi-
cult to locate exactly, the “ambient” solar wind considered
here excludes intervals < 8 hours before and after the CR03

-ICMEs. The average dependence of the O7 /O® ratio vs. so-
. lar wind speed may be summarized by the log-linear fit to

the 07 /0% vs. V,,, distribution, with O7 /O chosen as the
dependent variable, shown in Figure 1(a) and repeated for
reference in Figures 1(b-c).

The distribution for magnetic clouds (Figure 1(c); 3.3%
of the SWICS data points) is distinctly different, showing a
weak positive correlation in O7/O° with solar wind speed.
For a given solar wind speed, O7 /O is generally higher than
average values in the ambient solar wind (as indicated by the
fit to the distribution in Figure 1(a)). Even at lower speeds
(<~ 400 km/s), although the magnetic cloud distribution
overlies that for the ambient solar wind, values of O7/O°
are still generally above average ambient solar wind values.
Typical O7/0O® ratios are ~ 1 in magnetic clouds, with the
majority lying in a range from ~ 0.2 to ~ 8.

Non-cloud ICMEs (Figure 1(b); 9.7% of the SWICS data
points) show an intermediate behavior. Values of 07 /O°
in non-cloud ICMEs are generally above average values in
the ambient solar wind, which in turn approximately de-
fine the lower limits of O7/O° for a given solar wind speed
both in these ICMEs and magnetic clouds. However, values
of O7/O® are more variable than in magnetic clouds and
show little correlation with solar wind speed, the best fit
suggesting if anything a very weak decrease in O7/0°® with
increasing solar wind speed.

Enhanceroents in O /O® have previously been reported
by Henke et al. [1998, 2001] in magnetic clouds observed
by the Ulysses spacecraft. As they also note, relative to
values in the ambient solar wind with the same speed, the
07 /0% ratio is more strongly enhanced in faster magnetic
clouds. However, we find enhanced values of O7/0° (relative
to those in the ambient solar wind) within both magnetic
clouds and other ICMEs, contrary to their conclusion that
magnetic clouds, but not other ICMEs, are characterized by
enhanced O /O°.

We have also summarized other compositional signa-
tures in the same way. Figure 2 shows distributions of
2 Mg+*°/0O%F vs. solar wind speed. The well known an-
ticorrelation between the Mg/O ratio and solar wind speed
[e.g., Geiss et al., 1995] is evident in the ambient solar wind
(Figure 2(a)), reflecting the reduced enhancement of low
FIP elements, such as magnesium, in faster solar wind. The
distributions for magnetic clouds and other ICMEs follow
remarkably similar patterns to the equivalent distributions

for O7/O® even though one parameter reflects freezing-in
temperatures, the other the FIP effect (we will return to
this point in Section §). Magnetic clouds (Figure 2{c)) show
variable values of Mg/O that are predominantly above aver-
age solar wind values and have a weak correlation with solar
wind speed suggesting an overall increase in the FIP effect
in faster magnetic clouds. Non-cloud ICMEs (Figure 2(b))
show even more variation in Mg/O, with values that gener-
ally lie above average values in the ambient solar wind, but
have little trend with solar wind speed (see also the similar
results of Reisenfeld et al [2003] for Genesis ICMEs).

Ne/O (Figure 3) shows evidence of a weak anti-correlation
with solar wind speed in ambient solar wind. Similar to
07 /0% and Mg/O, values of Ne/O in ICMEs are variable
but tend to lie above average ambient solar wind values,
with a weak positive correlation and less variability evident
in magnetic clouds.

We show in Figure 4 2-hourly averages of the fraction
of iron ions with charge states > 16 (Figure 4(a)) and the
mean iron charge state (Figure 4(b)), both plotted versus
solar wind speed, in ambient solar wind, non-cloud ICMEs,
and magnetic clouds during 1998 — 2001. The ambient solar
wind distributions for both parameters are consistent with
a trend towards lower Fe charge states (suggesting lower
freezing-in temperatures) in faster solar wind. In contrast,
magnetic clouds show a clear trend towards higher values of
these parameters (indicating higher Fe freezing-in tempera-
tures) in faster events, well above average values in the am-
bient solar wind. Non-cloud ICMEs show more variability,
though values again lie predominantly above average values
in the ambient solar wind. There is even a hint of a bimodal
behavior in that, while the majority of points lie above the
distribution in the ambient solar wind, a minority appear
to be more consistent with the corresponding ambient solar
wind values.

Lepri et al. [2001] chose a criterion of (Fe > 16)/Feo: >
0.1 to define intervals of enhanced Fe charge state, and noted
that such intervals were usually associated with ICMEs in-
cluded in a preliminary version of the CR03 list. Although
this criterion rejects ambient solar wind data points fairly
well (only ~ 16% of ambient solar wind data meet this
criterion), Figure 4(a) indicates that a substantial fraction
(~ 36%) of non-cloud ICME points will also be rejected.
Lepri et al. [2001] also used a minimum interval duration
of 20 hours, and noted that although ~ 90% of the inter-
vals defined by their criteria were associated with ICMEs,
only ~ 50% of the ICMEs in their list. were associated with
such features. However, we note that other ICMEs do typ-
ically have shorter periods of enhanced Fe charge states,
and that 113/156 (72%) of the CR03 ICMEs for which
we have Fe charge state data have event-average values of
{Fe > 16)/Fesot > 0.1. Thus the association rate of CR03
ICMEs with enhanced Fe charge states is higher than is
suggested by Lepri et al. [2001]. See also Lepri and Zur-
buchen [2004], who report that, of a subset of 57 of the
CRO3 ICMEs, 75% were associated with enhanced Fe charge
states as defined by an interval of < Qr. > > 12 for at least
6 consecutive hours, as well as the results to be presented
below.

"Event averages of the parameters in Figures 1 — 4 also
show trends similar to those evident in the higher time res-
olution data. Thus, the corresponding plots are not repro-
duced here. In particular, magnetic clouds show relatively
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well ordered, increasing trends in O7/Of, Mg/O, Ne/O
and the iron charge states with increasing average ICME
speed, while non-cloud ICMEs show more variation and
weaker trends with increasing solar wind speed (declining
for O /0%, Mg/O and Ne/O, and increasing for Fe charge
states).

Another interesting feature of the parameters in Figures
1 — 4 is that the solar wind speed dependences in the am-
bient solar wind are essentially time-independent. We have
examined the fits to O7 /0%, Mg/O, Ne/O, Fe > 16/Fe¢ot,
and < QF. > versus Vs, in ambient solar wind for each year
when data are available, as well as for some shorter periods
and for the complete period of interest, and find that the
fit parameters are essentially independent of the period cho-
sen. This means that a single signature vs. V;,, dependence
can be assumed for a given compositional signature in the
ambient solar wind throughout the study period. To charac-
terize this dependence for each signature, we choose the fit
for the year or longer period that gives the highest correla-
tion with the solar wind speed. The fit parameters adopted,
and period over which they are obtained, are summarized in
Table 1.

The final compositional signature that we will consider is
the He/proton ratio. Studies over many years have noted
that enhanced values of the He/p ratio (e.g., above 8%) are
associated with structures that we now identify with ICMEs
le.g., Hirshberg et al., 1972; Borrini et al., 1982]. An inter-
esting feature of the He/p ratio in the ambient solar wind
is that, in contrast to the other compositional signatures
discussed above, the solar wind speed variation has a clear
solar cycle dependence. Figure 5(a) shows the evolution of
the He/proton vs. V., distribution in the ambient solar
wind during one-year intervals between 1996 (solar mini-
mum) and 2000 (solar maximum). The observations are
from the MIT instrument on the WIND spacecraft. The
distribution changes from one in which He/p increases with
solar wind speed at solar minimum to one where the ratio
is more enhanced and essentially independent of solar wind
speed near solar maximum. This evolution of the He/p ratio
both as a function of solar cycle and solar wind speed is also
illustrated in different formats by Aellig et al. [2001] and
Richardson et al. [2008b]. A solar cycle variation in He/p
has also been noted previously by, for example, Feldman et
al. [1978].

Figure 5(b) shows the evolution of the WIND He/p ratio
in ICMEs (both cloud and non-cloud) during the same pe-
riod. This ratio is highly variable but the distributions of
He/p basically overlap those in the ambient solar wind, and
evolve in a similar way, also tending towards larger He/p and
less variation with solar wind speed at higher solar activity
levels (as also noted by Richardson et al. [2003b]). The
data support the conclusions of previous studies that higher
values of He/p tend to be associated with ICMEs rather
than the ambient solar wind. A threshold of He/p = 0.06,
for example, indicated by the horizontal lines in Figure 5,
excludes the majority of ambient solar wind data. On the
other hand, it is clear that only a subset of ICME data
points meet this criterion, while the majority of points over-
lie the ambient solar wind distribution. This implies that the
He/p ratio alone is not a particularly useful means of reli-
ably distinguishing ICME material from ambient solar wind.
The solar cycle variation in the He/p ratio and considerable
overlap between ICME and ambient solar wind values is in
marked contrast to the behavior of the other compositional
signatures and suggests that the helium abundance in the

ambient solar wind and ICMEs is determined by processes
that are essentially unrelated to freezing in temperatures or
the FIP effect. One possibility is the degree of gravitational
settling of helium, which is less strongly coupled to the out-
ward solar wind flow than other ions [e.g., Neugebauer and
Goldstein, 1997).

4. Compositional anomalies and ICME

identification

Having compared and contrasted several compositional
signatures of ambient solar wind and ICMEs, we now con-
sider how such signatures can be used to identify ICMEs.

One method might be to define an arbitrary threshold
value, for example O7/0®=0.8, which exchides the vast ma-
jority of the ambient solar wind data points (Figure la).
However, this criterion will also exclude some ICME points
that fall below this threshold but still have elevated values
of O7/O° relative to the ambient solar wind with the same
speed.

Another method that has been used in some previous
studies [e.g., Henke et al., 1998, 2001] is to compare the
ICME composition with that of the ambient solar wind up-
stream and downstream of the ICME. However, this com-
parison seems somewhat arbitrary since there is likely to be
a greater contrast between the ICME and upstream solar
wind compositions if the surrounding solar wind has a high,
rather than a low, speed (cf., Figure 1).

The method we will examine here is to compare the rela-
tive value of a compositional signature measured at a given
time in solar wind of a particular speed with the “expected”
value for ambient solar wind with the same speed. To deter-
mine the expected values, we use the fits to the signature -
Vs distributions given in Table 1. To illustrate the method,
Figure 6 shows solar wind data for a representative period
in May — June, 2000. Standard solar wind magnetic field
and plasma parameters are shown at the top of the figure.
The beginning of this period was dominated by slow solar
wind then by a corotating high-speed stream commencing
late on May 29. Subsequently, four ICMEs were identified
by CRO3 during June 5 — 14 at the times indicated by gray
shading. ‘

Figures 6(h-k) show the O7/0%, Mg/O, Ne/O, and Fe >
16/Feto: ratios measured by ACE/SWICS. Superimposed
on the observed values are the expected values inferred from
the fit parameters in Table 1 and the simultaneously ob-
served solar wind speed. Note that the expected values tend
to track compositional variations fairly well in the ambient
(non-ICME) solar wind which, in particular, is prominent
early in Figure 6. Deviations from normal solar wind com-
position can also be readily identified in this presentation, in
particular periods with signatures that are significantly en-
hanced above expected values. These in turn are generally
closely associated with CR03 ICMEs, as would be expected
from the distributions presented in Figures 1 — 4.

Determining when the difference between the observed
and expected values of a signature is sufficient to be judged
as “anomalous” is somewhat arbitrary. For the purposes
of this paper, we will assume that a criterion of > twice
the expected value identifies anomalous values of O7 /O,
Mg/O, Ne/O, and Fe > 16/Feio:. For < Qr. >, we use
< QFe >>< QFe >exp +1. Inspection of Figures 1 — 4
suggests that these criteria are likely to separate ICME and
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ambient solar wind data fairly well. However, we recognize
that there will still be ICME intervals with near-solar wind
compositions that will not be identified in this way.

We note that an essentially similar method of ICME iden-
tification was recently suggested by Gloeckler et al. [2003].
They demonstrated that the speed of the ambient solar wind
and the electron temperature in the solar wind source region,
inferred from the Ulysses SWICS O7 /0 ratio using a model
calculation, are related by V2, ~ 1/T. Such a relationship
is also predicted by the solar wind model of Fisk {2003].
Gloeckler et al. [2003] noted in passing that ICME intervals
during their study period deviated from this relationship
between V.., and T, specifically having higher freezing-in
temperatures than expected from the solar wind speed, and
made the suggestion that comparison of V,,, and T could
provide a basis for the routine identification of ICMEs. The
essential difference in our approach is that the O7/O° ra-
tio is used directly, rather than first converted to a model-
dependent {reezing-in temperature. We also consider addi-
tional compositional signatures.

Since the He/p — Vi, relationship is not time
independent, we cannot use a similar method to identify
anomalous He/p intervals. Instead, here we simply use a
criterion of He/p > 0.06, based on the results in Figure 5, to
identify strongly enhanced helium abundances that are typ-
ically associated with ICMEs. However, as discussed above,
only a subset of observations within ICMEs have such abun-
dances. Values of He/p are shown in Figure 6(g) (the hori-
zontal dashed line indicates He/p=0.06). Most of the CR03
ICMEs in Figure 6 have He/p > 0.06.

Note that this method of identifying compositional anom-
alies relative to “expected” values typical of the ambient
solar wind is analogous to the technique we have used in
many studies to identify periods of anomalously low plasma
proton temperature in the solar wind, which are also fre-
quently associated with ICMEs/MCs [e.g., Richardson and
Cane, 1995]. This technique compares the observed plasma
proton temperature with the expected value (Tezp) in nor-
mally expanding solar wind with the same solar wind speed.
Figure 6(d) shows the proton temperature with T..,, based
on the Lopez [1987] analysis of the V.., — T} correlation in the
OMNI data, superposed. Black shading denotes abnormally
cool regions (T,/T.z<0.5). These typically correspond to
CRO03 ICME:s since the presence of abnormally cool plasma
is an important ICME signature considered by CR03.

In addition to considering each compositional signature
separately, it is also interesting to sum up the total number
of abnormal composition signatures (maximum = 6) that are
observed during each 1-hour interval, based on the criteria
discussed above. (Since the Fe charge-state data are 2-hour
averages, the same values are assumed to hold for each 1-
hour sub-interval.) The total number of signatures is shown
in Figure 6(1). It is evident that intervals with several coin-
cident signatures are generally closely associated with CR03
ICMEs, as would be expected from the analysis discussed
above.

Figure 7 summarizes the compositional signatures that
are judged to be anomalous, based on the above crite-
ria, in hourly-averaged data during a longer period, July-
December, 2000. At the top of the figure, the times of
ICMEs suggested by CR03 are indicated. Again, we em-
phasize that these times were inferred principally from ex-
amination of solar wind plasma and magnetic field observa-
tions, without reference to the compositional data. Below
are shown the total number of anomalous compositional sig-
natures, and the times when individual signatures (He/p,

enhanced Fe and O charge states, Mg/O, and Ne/O) are
judged to be anomalous. Again, the various anomalies tend
to occur together, and intervals of multipie solar wind com-
positional anomalies typically agree reasonably well with the
identified ICMEs. This result can be regarded in two ways:
if anomalous compositions are indeed general signatures of
ICME plasma, then the results such as in Figures 6 and
7 suggest that the ICME identifications of CRO3 were rea-
sonably reliable. Alternatively, if the CR03 ICME identifi-
cations are assumed to be reliable, then the results indicate
that ICME plasma is typically associated with plasma anom-
alies, essentially the starting point for this paper. Note also
there is no single signature that is obviously consistently su-
perior in selecting ICMEs, and might be examined to the
exclusion of other signatures. In fact, at least during the in-
terval in Figure 7, the “classic” signature of enhanced He/p
appears to be as successful at identifying putative ICMEs
as the compositional anomalies inferred from SWICS data.
Hence, we suggest that such a method of comparing anom-
alies in several compositional signatures (as available) rela-
tive to expected ambient solar wind values provides a useful
tool for inferring the presence of ICMEs in the solar wind.

Nevertheless, there are occaisional intervals of composi-
tional anomalies that are not associated with CR03 ICMEs.
In some cases, these “anomalies” arise from data that, on
further examination, are clearly unreliable (for example,
have erratic point-to-point variations). Prominent exam-
ples occur at times of unusually low plasma densities when
SWICS is unable to make reliable measurements. Unfor-
tunately, the current SWICS Level 2 data do not include
estimates of the accuracy of individual measurements which
might allow unreliable data to be identified during the analy-
sis. More interestingly, some other anomalies may be indica-
tive of ICMEs that were not identified by CR03, and these
merit further attention. For example, between February,
1998, the start of the SWICS Level 2 data, and the end of
2002, we identify 17 intervals, defined by the criterion that
> 60% of the signatures for which data are available (i.e.,
making allowance for data gaps in certain signatures) are
anomalous for at least 12 hours, with any break in continu-
ity lasting less than 3 hours, that were not associated with
CRO03 ICMEs. These events are listed in Table 2.

Several of the events during 1998 — 2000 in Table 2 are
associated with enhanced Fe charge state intervals identified
by Lepri et al. {2001] that were not coincident with CR03
ICMEs but were suggested to be ICMEs based on the pres--
ence of BDEs. This close comparison between the events
not associated with CR03 ICMEs inferred in these separate
studies is not too surprising given that iron charge state data
are common to both, and that the various compositional sig-
natures tend to occur together.

The event on January 23 — 24, 2000, closely follows a
CRO3 ICME, so it is arguable whether it is really unrelated
to the previously identified ICME. Interestingly, Rickardson
et al. [2003a] pointed out that this feature forms part of a
“recurrent” sequence of similer compositional anomalies in
the slow solar wind ahead of a corotating high-speed stream,
previous events (also noted by Lepri et al. [2001]) being evi-
dent on November 30 ~ December 2 and December 26 to 28,
1999. Although BDEs were present during these recurrent
events, suggesting an association with ICMEs, it is unclear
how to reconcile the recurrent nature of these events with
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an ICME origin, though further consideration of this topic
is beyond the scope of this paper. In any case, making the
assumption that all the events in Table 2 are ICMEs that
were not identified by CR03, they amount to ~ 10% of the
number of events (183) identified by CR03 during the same
period. This at least suggests that a significant number of
ICMEs (as revealed by compositional anomalies following
criteria such as those above, and excluding “anomalies” due
to unreliable data) were not overlooked by CRO3.

There are also occasional CR03 ICMEs with relatively
weak compositional signatures. For example, if we require
a period of at least 3 hours duration with at least > 20%
of signatures anomalous, then only 17 (~ 9%) of the 179
CRO03 ICMEs during February 1998 — 2002 (with data avail-
able) do not meet this criterion. These ICMEs with excep-
tionally weak compositional signatures are listed in Table 3
(with parameters extracted from Table 1 of CR03). A re-
examination of the magnetic field and plasma data for these
events shows that several are among the weaker (i.e., less dis-
tinct, more questionable) of the CR0O3 events. Nevertheless,
the lack of compositional anomalies should not inevitably
lead to the conclusion that these events are not ICMEs. For
example, the ICME on April 21 — 23, 2001 is a cataloged
WIND magnetic cloud. Interestingly, this occurred during
an active period when many of the ICMEs passing ACE did
have strong compositional signatures (~ 100% of available
signatures), while others did not. Likewise, the October 1 -
2, 2001 ICME is one of a sequence of three ICME intervals
during September 30 — October 3 (CR03), but shows weaker
compositional anomalies than the adjacent ICMEs. Several
of the events in Table 3 are also associated with LASCO
halo CMEs and moderate geomagnetic storms.

The January 22 and March 10, 2000 ICMEs are imme-
diately followed by periods of anomalous compositions {cf.
Table 2). These ICMEs were principally identified by their

low T}, signature, but this may indicate only part of a larger

ICME suggested by the compositional signatures. (Richard-
son et al. [2003a] show additional examples of ICMEs where
the region of abnormally low T, is only a substructure of the
complete ICME.)

Around 76% of the ICMEs in Table 3 have speeds < 400
km/s, compared with ~ 30% of all the CR03 ICMEs in the
analysis interval, and only one has a speed above 500 km/s.
Thus, these events tend to be slower than typical ICMEs.
The lack of compositional anomalies in these events does
not arise simply because the compositions of ICMEs and
slow solar wind tend to overlap (cf. Figures 1 — 4). Rather,
the compositional signatures are intrinsically weak. Many
of the event durations are also relatively short — ~ 40% have
~ durations < 12 hours, and only three (18%) have durations
more than 1 day.

In summary, we suggest that the identification of solar
wind compositional anomalies by a method such as that de-
scribed above, comparing observed compositions with refer-
ence to those in ambient solar wind with the same speed, is
a valuable method of routinely identifying potential ICME-
related material, although a small minority (~ 10%) of
ICMEs may only include weak compositional signatures.
The analysis also suggests that the CR03 ICME list most
likely includes a majority of events, and that most of the
identifications are most likely reliable, although determina-
tion of the ICME boundaries may benefit from perusal of
the composition data, as noted in the next Section. After
excluding intervals of apparently poor quality data, we es-
timate that CR03 may have missed around 10% of ICMEs
based on the occurrence of intervals of compositional anom-
alies unrelated to the identified ICMEs.

5. Spatial Relationship of Intervals of
Anomalous Composition and CR03 ICMEs

Figure 8 summarizes the percentage of data pdints
(summed over all CR03 ICMEs for which the relevant data
are available) for which various compositional signatures are
judged to be anomalous as a function of the location relative
to the CR03 ICME boundaries, expressed as a percentage
of the duration of the ICME (i.e., 0%= ICME leading edge;
100%=ICME trailing edge).

Overall, the ICME boundaries suggested by CR0O3 tend
to order the boundaries of the regions of anomalous com-
position. In addition, the anomaly occurrence rates within
ICMEs vary with the signature considered, with Ne/O and
He/p showing the lowest rates (~ 30%) and enhanced iron
charge states and O7/0°® the highest rates (~ 70%). Fig-
ure 8 also suggests that, on average, the occurrence of anom-
alous O7 /0%, Mg/O and Ne/O decreases from the leading
to the trailing edge of ICMEs. Although this may indicate a
general spatial trend in composition within ICMEs, we also
note that the tendency for the solar wind speed to decline
during the passage of an ICME (due to ICME expansion)
will cause the “expected” values of the compositional signa-
tures to increase with time. This in turn raises the thresh-
old required for the composition to be judged as anomalous,
which might be expected to cause, on average, a decrease in
the anomaly occurrence rate with time during ICME pas-
sage.

The relatively low occurrence rate of He/p > 0.06 inside
ICMEs might be anticipated from Figure 5. Interestingly,
the average occurrence rate tends to increase towards the
ICME trailing edge. Furthermore, enhanced helium abun-
dances are rarely detected ahead of the ICME, while there is
evidence of a region trailing the ICME, extending to ~ 50%
of the ICME duration, in which the probability of observing
enhanced He/p is higher than in the ambient solar wind.
This analysis suggests that strongly enhanced helium abun-
dances are more likely to occur towards the trailing edge of,
and possibly trailing, ICMEs (a pattern that appears to be
evident during the first two CR03 ICMEs in Figure 6). This
spatial distribution may be consistent with the hypothesis
that enhanced He/p is the result of gravitational settling of
helium. Other compositional signatures may show a ten-
dency towards extending into the region behind the ICME
trailing edge (Richardson et al. [2003a] noted that enhanced
Fe charge states tend to extend beyond the trailing edges of
some CR03 ICMEs), but the predominant (average) pattern
is for the major decrease in the occurrence rate of composi-
tional anomalies to take place in the vicinity of the suggested
ICME trailing edge.

Where compositional anomalies are identified in the re-
gion immediately outside of the CR03 ICMEs, several ef-
fects may contribute: First, the ICME boundaries may be
in error; reassessment of these boundaries taking the compo-
sitional signatures into consideration may improve their ac-
curacy. Alternatively, compositional signatures may in fact
extend beyond the ICME boundaries that are most clearly
defined by plasma/field features. A further factor may be
important in the post-shock sheath immediately ahead of
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an ICME: The “expected” values of most of the composi-
tion parameters discussed above will decrease at the abrupt
speed increase associated with the shock/disturbance. In
some cases, this decrease may be sufficient for the anomaly
criterion (e.g., twice the expected value) to be met, even
when there is no actual change in the plasma composition.
An example is seen around midday on June 8, 2000 in Fig-
ure 6 — the major compositional signature (apparently a
substructure of the CR03 ICME) starts around a day later.
This effect contributes to the number of apparently anom-
alous data points ahead of some ICMEs, and is responsi-
ble for the increases in occurence rates, most prominent in
O"'/O6 and Fe > 16/Fei,, at ~ —100% with respect to
the ICME location in Figure 8. We suggest that a more
sophisticated algorithm to flag the leading edge of a compo-
sitional anomaly should also require a change in the value
of the composition parameter.

An important point to infer from Figure 8 is that a
shock/disturbance standing off upstream of an ICME is usu-
ally propagating through solar wind that does not have an
anomalous (i.e., ICME-like) composition. This appears to
be inconsistent with the proposal of Bobery et al. [1996]
that high iron charge states in solar particle events are ac-
celerated by ICME-driven shocks out of a source population
of ICME-like material that somehow leaks upstream from
the ICME, notwithstanding, of course, that occasionally, a
shock will happen to propagate through plasma associated
with an unrelated preceding ICME.

6. A “Universal” Relationship Between
07/0% and Mg/O in Ambient Solar Wind
and ICMEs

In Section 3, we noted the similar characteristics of the
distributions for 07 /0® and Mg/O versus solar wind speed
in Figures 1 and 2 in both the ambient solar wind and
ICMEs. This is despite the fact that these ratios character-
ize freezing-in temperatures or FIP-biases, respectively, that
arise from different physical processes. Pursuing this fur-
ther, in Figure 9 we show hourly averages of Mg/O plotted
versus O /O? in the ambient solar wind, non-cloud ICMEs,
and magnetic clouds. The plots show a high degree of cor-
relation, even in the hourly-averaged data, between Mg/O
and 07 /0% in all these regions. In particular, note that the
considerable scatter in the data points for non-cloud ICMEs
in Figures 1 and 2 is largely removed, suggesting that this
scatter is largely due to correlated variations in Mg/O and
O7/0°® within ICMEs that are not in turn well-ordered by
the solar wind speed.

A particularly interesting feature of Figure 9 is that the
relationship between Mg/O and O7 /08, indicated for exam-
ple by the best fits through the data, is essentially identical
both in the ambient solar wind and within non-cloud ICMEs
and magnctic clouds. The main difference is a deficiency of
smaller values of Mg/O and O”/O® in ICMEs. This appar-
ently “universal” relationship is remarkable because (1) the
FIP effect and oxygen charge states are determined by con-
ditions in different regions of the solar atmosphere, and (2)
if ICMEs are formed of closed magnetic structures which do
not encounter conditions (e.g., electron temperatures) in the
ambient corona, the ion charge state distributions might be
expected to develop in a different manner from those in the
ambient solar wind {Neukomm and Bochsler, 1996]. Thus, it

is not immediately obvious that FIP and ion charge states
will be similarly related both inside ICMEs and in the am-
bient solar wind.

Somewhat surprisingly, the results in Figure 9 seem in-
consistent with the conclusion of Reinard et al. [2001] that
there is no correlation between the event-averaged SWICS
Fe/O ratio, another measure of the size of the FIP effect
(not available in the current Level 2 data), and the O7 /0%
ratio in the ICMEs they studied in 1998 — 1999. They sug-
gested that the presence of a correlation between the size of
the FIP effect and oxygen freezing-in temperature may be
dependent on the stage of the solar cycle. However, we find
that O7 /O® and Mg/O are correlated throughout the period
we have examined (1998 — 2002), providing no evidence of
such a cycle dependence. A possibility that might explain
the different results is that the Reinard et al. [2001] ICME
identifications were based on BDEs observed by ACE. Al-
though we do not know the exact periods they examined,
we note that events on the publically available ACE BDE Iist

(http://www.bartol.udel.edu/~chuck/ace/ACElists/obs_list.html)

may differ considerably from the periods identified by CR03,
possibly because of complications in interpreting counter-
streaming electron observations [Gosling et al.,, 2001}, and
include what we would classify as non-ICME flows.

A recent theoretical model [Schwadron et al., 1999] sug-
gests a possible explanation for the correlation between FIP
bias and ion freezing-in temperatures in the ambient solar
wind. This involves wave heating of minor ions inside coro-
nal magnetic field loops to a degree that is correlated with
the loop size. The material within these loops is then re-
leased by reconnection with open field lines as required by
the heliospheric magnetic field model of Fisk, [1996). Such
loops are observed to be larger in the source regions of the
slow solar wind than in the regions (coronal holes) that
give rise to fast solar wind, where field lines are predomi-
nantly open. Thus, slow solar wind plasma is characterized
by higher freezing-in temperatures and a larger FIP bias
than fast solar wind {(cf. Figures 1(a) and 2(a)). The model
of Fisk [2003] incorporates these conjectures and predicts
that V2, ~ 1/T, as found observationally by Gloeckler et al.
[2003] using T derived from oxygen charge states.

The apparently “universal” relationship between Mg/O
and O7/0° suggests that such a process may also operate
on the plasma within ICMEs. This plasma may be con-
tained on magnetic field loops that are themselves ejected
into the solar wind as a CME, as distinct from the drain-
ing of plasma along newly opened field lines in the source
of the slow solar wind. Possibly, some CMEs/ICMEs may
result from exceptionally large coronal loops that have more
pronounced compositional signatures than the ambient so-
lar wind [e.g., Gloeckler et al., 2003]. However, the tight
relationship between the compositional signatures and solar
wind speed evident in the ambient solar wind (and predicted
by the Fisk {2003] model) clearly breaks down in ICMEs.
This is perhaps not too suprising. First, in the Fisk model,
the energy to accelerate the ambient solar wind speed cornes
from the reconnection of open field lines with closed loops.
Hence, the final solar wind speed is intimately related to the
properties of these loops. On the other hand, if the loops
themselves are ejected during the formation of coronal mass
ejections, there may be little or no relationship between the
speed of the CME and the properties of the constituent
loops. Second, ICMEs undergo acceleration near the Sun
then tend towards ambient solar wind speeds as they move
out through the heliosphere. Hence, ICME speeds observed
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in-situ may not reflect conditions during CME formation
and release, whereas compositional signatures will do so.

The more ordered, less variable, compositional variations
for magnetic clouds compared to non-cloud ICMEs in Fig-
ures 1 — 4 might also be consistent with such a scenario:
Magnetic clouds have simple magnetic structures. If this in
turn reflects a simplicity in the field loop configuration in the
related CME at the Sun, then the resulting plasma compo-
sitions and charge states arising from heating in these loops
are likely to be relatively similar (well-ordered) from event
to event, and possibly correlated with the gross properties
of the resulting ICME, such as its speed. Non-cloud ICMEs
however, often have more complicated structures. One pos-
sibility is that non-cloud ICMEs are composed of a complex
of separate loops near the Sun that is expelled to form a
single CME. Each loop may be heated to a different degree,
resulting in variable, though correlated, FIP bias and ion
freezing-ion temperatures within the CME which however
bare little relationship to the gross properties of the ICME.
Some non-cloud ICMEs might also consist of a conglomera-
tion of initially separate “interacting” CMEs with different
compositions.

There is also a degree of correlation between the He/p and
O7 /0 ratios. Figure 10 shows distributions of both hourly-
averaged and event-averaged values of these parameters for
the CR03 ICMEs. Though there is certainly a great deal of
scatter, there is a tendency for higher helium enhancements
to be associated with higher values of 07/06, in particu-
lar in the event averages (Reinard et al. [2001] report a
similar result). Thus, the conditions that lead to strongly
enhanced oxygen freezing-in states during the formation of
ICME:s also appear to be conducive to the release of plasma
with high helium abundances. We also note that Lepri and
Zurbuchen [2004] have recently suggested that flare heating
may play a role in generating enhanced ion charge states,
in particular for iron, within ICMEs. However, it is unclear
whether the universal relationship between the FIP effect
and jon charge states (as indicated by Mg/O and O7/0°)
is consistent with different processes heating plasma within
ICMEs and the source regions of the ambient solar wind.

7. Summary

We have examined the relationship between the
ICMEs/magnetic clouds identified by CR03 and solar wind
plasma compositional anomalies including He/p, O7/0%,
Mg/O, Ne/O and iron charge states. These anomalies
(with the exception of He/p) are inferred by comparing the
observed compositional paramters with “expected” values
based on the normal variation in composition with solar
wind speed in the ambient solar wind, which we conclude
is essentially independent of the phase of the solar cycle, at
least in 1998 — 2002. We find that: '

e Plasma within both magnetic clouds and non-cloud
ICMEs tends to be characterized by higher freezing-in tem-
peratures-and FIP biases than in ambient solar wind with
the same speed. Magnetic clouds as a group show a more
consistent behavior (for example with respect to ICME
speed), and less event-to-event or hour-to-hour variation,
than other ICMEs. Our results contrast with the conclusion
of Henke et al. [1998, 2001] based on Ulysses observations,
that magnetic clouds, but not other ICMEs, show enhance-
ments in ion charge states compared to the ambient solar

wind.

e The He/p distribution for ICMEs shows a considerable
overlap with that of the ambient solar wind, and both dis-
tributions tend to evolve to higher values of He/p as solar
activity levels increase. Values of He/p > 0.06 are predom-
inantly restricted to ICMEs and are relatively rare in the
ambient solar wind. However, only ~ 30% of plasma within
ICMEs meets this criterion.

e Comparing observed hour-to-hour variations in com-
position parameters such as O7 /0%, Mg/O, Ne/O and Fe
charge states relative to expected values in the ambient solar
wind provides a useful method of distinguishing intervals of
anomalous composition from those variations inherent in the
ambient solar wind (cf. the technique suggested by Gloecker
et al. [2003] based on comparing oxygen freezing-in temper-
atures and the solar wind speed).

e Intervals of multiple compositional anomalies tend to
be associated with the ICMEs identified by CR03, though
additional events are also present (perhaps ~ 10% of the
number of ICMEs identified by CR03). This result may be
interpreted as indicating that CRO3 identified the majority
of ICMEs present, and that, more importantly, the iden-
tification of compositional anomalies provides a promising
tool for indicating the presence of ICME material in the
solar wind that may be more objective than some meth-
ods currently in use, which render ICME-identification as
“something of an art” [Gosling, 1997]. However, composi-
tional anomalies are very weak/not present in a small subset
(perhaps ~ 10%) of ICMEs, suggesting that the presence of
such’anomalies does not provide a necessary criterion for an
ICME.

e The compositional signaEures most frequently found in
ICMEs are enhanced iron and oxygen charge states (~ 70%
of data points). However, there is no single compositional
signature among those considered that is outstandingly suc-
cessful at identifying anomalies associated with ICMEs and
might be used alone as a tracer of ICMEs in the solar wind.
Thus, consideration of multiple signatures is a reasonable
approach.

e On average, the boundaries of the CR03 ICMEs orga-
nize the intervals of compositional anomalies, although com-
positional anomalies may extend beyond these boundaries in
individual events.

o Generally, the He/p ratio is more likely to be enhanced
above 0.06 towards, and in a region beyond, the ICME trail-
ing edge.

e Shocks/disturbances upstream of ICMEs usually lie in
solar wind that has an ambient solar wind-like, rather than
ICME-like, composition. The composition of the sheath be-
tween the shock and ICME leading edge is also that of the
ambient solar wind. Hence, energetic particles accelerated
out of the solar wind by an ICME-driven shock should re-
flect an ambient solar wind, not an ICME, source population
(an obvious exception is the case when the shock happens
to be propagating through an unrelated ICME).

e There appears to be a “universal” relationship between
O7/0® (ie., ion freezing-in temperature) and Mg/O (ie.,
FIP bias) both within ambient solar wind and ICMEs, sug-
gesting that a similar process (such as that proposed by
Schwadron et al. [1999]) heats minor ions in both ICMEs
and the ambient solar wind. However, the close relation-
ship between composition and speed variations found in the
ambient solar wind (and predicted by the model of Fisk
[2003]) does not hold in ICMEs. The greater variation in
composition within non-cloud ICMEs compared to magnetic
clouds may reflect more complicated magnetic loop struc-
tures (e.g., multiple loops of various heights) within the as-
sociated CMEs at the Sun.
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In conclusion, solar wind plasma observations clearly hold
promise as a tool for routine identification of ICMEs in the
solar wind. The event-to-event variations in composition,
and the close correlations between different signatures are
likely to provide important information on conditions dur-
ing the formation of CMEs that will no doubt be the focus
of future studies.
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Table 1. Parameters Characterizing “Expected” (Average) Compositional Ratios in Ambient Solar Wind

Signature Vsw Relationship Fit Interval
o7/0¢ In(O7/0®) = —0.00578Vsw + 1.10 1999
Mg/O In(Mg/O) = ~0.00367Vsy, — 0.711 2000
Ne/O In(Ne/O) = —0.0017Vsy — 1.22 2000

Fe > 16/Fetot In(Fe > 16/Feot) = —0.00421V,y, — 1.23 1998

< QFe > < Qpe >=11.2 — 0.000857Vyy, (i.e, < QFe >=11) 1998 - 2001
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Table 2. > 12-Hour Duration Intervals Outside CR03 ICMEs With > 60% of Available Signatures Anomalous

Disturbance Time®Interval Start End Duration  Lepri et al?® SW Structure Notes

(UT) uT) um) (hours)

1998

Mar. 30 2200 Mar. 31 0500 Apr. 1 0700 26} Yes/BDE/ICME ICME? T, depression, ~ radial field
Apr. 11600 Apr. 2 2200 30} Yes/BDE/ICME ICME? ditto

May 17 1800 May 17 1800 May 18 0900 15 No ICME? Weak Tp depression

June 8 1300 June 8 1300  June 9 0300 14 No (< 24 hr) ICME? BDE®

June 8 1300 Sep. 29 0700 Sep. 30 0300 20 No (data gap) ICME? Partial data gap; Tp depression

1999

Jan. 9 0000 Jan. 9 1400  Jan. 11 0300 37 Yes/BDE/ICME ICME? Weak plasma/field signatures

Nov. 27. 0400 Nov. 27 0500 Nov. 28 0100 20 Yes/BDE/ICME ICME? Weak plasma/field signatures

Nov. 30 0500 Nov. 30 1400 Dec. 1 0800 18 Yes/BDE/ICME ICME? Corotating??

2000

Jan. 22 0023(A) Jan. 23 1700 Jan. 24 0700 14 Yes/ICME ICME? Follows CR03 ICME; Corotating?4

Mar. 10 0000 Mar. 11 0500 Mar. 11 1800 13 Yes/ICME? ICME? Follows CR03 ICME

Jul 21 0700 Jul 22 0100  Jul 22 1900 18 Yes/ICME ICME Weak Ty, depression

Aug. 14 2136(A) Aug 15 1600 Aug 16 0700 15 No ICME? Weak plasma/field signatures

Sep 30 0400 Sep 30 0500  Oct 1 0000 19 - ? Complex plasma/field structure

Dec. 3 0321(A) Dec. 40200 Dec. 4 1600 14 - ICME? Weak plasma/field signatures

2001

Oct. 3 2100 Oct. 41400  Oct. 5 2200 32 - ICME? Tp depression

Nov. 14 1500 Nov. 14 1500 Nov. 15 1800 27 - ICME? Sector boundary

Dec. 6 2200 Dec. 8 1300  Dec. 9 0400 15 - ICME? Tp depression; weak signatures

2002

No Events

@ The time of the associated SC when present. Otherwise, ‘A’ indicates the time of shock passage at ACE. If no shock or SC is

reported, the estimated arrival time of the disturbance {(which in some cases is also the

hour.

ICME leading edge) is given to the nearest

o=/ =2 &

b Lepri et al. [2001] enhanced Fe charge state event (February 1998 — September 2000). BDE — Event not identified in a preliminary
version of the CRO3 list refered to by Lepri et al. [2001], but associated with BDEs, suggesting a possible ICME.

¢ ACE disturbance list, courtesy of C. W. Smith.

4 Richardson et al. [2003a]
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Figure 1. Distributions of hourly-averaged values of the
O /O° ratio measured by ACE/SWICS in 1998 — 2002, plot-
ted versus concurrent solar wind speed, for (a) ambient solar
wind, (b) ICMEs {Cane and Richardson, 2003] that are not
magnetic clouds, and (c¢) ICMEs that are magnetic clouds.
The fit to the ambient solar wind distribution is repeated in
(b) and (c) and shown together with the fit to the individual
distributions.

Figure 2. As Figure 1, but for Mg/O.

Figure 3. As Figure 1, but for Ne/O.

Figure 4. As Figure 1, but for (a) (Fe > 16)/Feso: and
(b) < Qr. > in 1998 — 2001.

Figure 5. Evolution of the WIND He/p — V., distribu-
tion during 1996 — 2000 in (left) the ambient solar wind and
(right) all (cloud and non-cloud) CR03 ICMEs.

Figure 6. Solar wind magnetic field, plasma and com-
position parameters fromm ACE (i-hour averages) during a
representative period in May — June, 2000. Gray shaded in-
tervals denote CRO3 ICMEs. “Expected values” of O7 / of,
Mg/O, Ne/O, Fe > 16/Feot and < QFe > (see text) are
overlaid on the observed values. The number of anomalous
compositional signatures present is also shown.

Figure 7. Comparison of the intervals during July — De-
cember 2000 in which various compositional signatures are
judged to be anomalous and the times of CR03 ICMEs. The
total number of anomalous signatures is also shown.

Figure 8. Variation of composition anomaly occurrence
rates (percentage of data points that are anomalous) for
various compositional signatures as a function of time with
respect to CR03 ICMEs, with 0% corresponding to ICME
leading edge passage and 100% to the ICME trailing edge.

Figure 9. Hourly averages of Mg /O plotted vs. 07/ O° for
ambient solar wind, non-cloud ICMEs, and magnetic clouds.
Note the similar relationship of Mg/O {~ FIP effect) and
O7JO® (~ oxygen freezing in temperatures) in all these solar
wind regions.

Figure 10. Hourly and event-averaged values of He/p plot-
ted vs. O7/0% in ICMEs.
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Table 3. CR03 ICMEs in 1998 — 2002 With Weak SWICS
Compositional Signatures (> 20% of Available Signatures With
Duration > 3 Hours Not Present).

Disturbance Time ICME Start ICME End Duration V; B MC? Dst Vir LASCO CME*
(UT) uT) (UT) (hrs)  (km/s) (nT) (nT) (km/s)

1998 .

Feb. 17 0400 Feb. 17 1000 Feb. 17 2100 11 400 12 1 -102 602 Feb. 14 0655
March 06 0300 March 06 1500 March 07 1600 25 330 7 1 -25

Aug. 05 1300 Aug. 05 1300 Aug. 06 1200 23 360 13 1 -166 dg dg
1999

June 26 2016 June 27 1400  June 28 1400 24 680 8 0 -43 760 June 24 1331 H
2000

Jan. 22 0023 Jan. 22 1700  Jan. 23 0200 9 380 16 1 -91 530 Jan. 18 1754 H
March 09 2300 March 10 0100 March 10 0600 5 390 6 1 0

March 18 2200 March 19 0200 March 19 1200 10 380 9 0 -2

June 18 0900 June 18 0900  June 18 1700 8 380 6 1 -9

Oct. 20 1800 Oct. 20 2200  Oct. 21 0800 10 400 4 0 -2

2001

April 21 1601 April 21 2300  April 23 0800 33 350 11 2 -104

June 07 0852(A)  June 07 1800  June 08 0700 13 390 9 1 -4

July 13 1700 July 13 1700 July 14 0100 8 400 8 1 -8

Aug. 15 0500 Aug. 150500 Aug. 16 1400 33 390 5 0 -16

Aug. 27 1952 Aug. 28 2000 Aug. 29 2000 24 470 4 0 -20 810 Aug. 25 1650 H
Sept. 30 1924 Oct. 01 0800 Oct. 02 0000 16 490 9 0 -150 710 Sept. 28 0854 H
Nov. 19 1815 ‘Nov. 19 2200 Nov. 20 1100 13 480 6 1 -32 680 Nov. 17 0530 H
Dec. 29 0538 Dec. 30 0000 Dec. 30 1400 14 400 17 1 -39 570 Dec. 26 05307
2002

No events

¢ ‘H’ indicates that the CME had a 360° angular extent (i.e. halo CME). ‘7’ indicates that the CME association may be doubtful.
Times in brackets indicate associated solar events during an interval with no coronagraph coverage. ‘dg’ indicates that there was a

LASCO data gap around the expected time of the associated CME.
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